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Abstract 
Multiexponential T2 (MET2) Relaxometry and Magnetization Transfer (MT) are among 
the most promising MRI-derived techniques for white matter (WM) characterization. Both 
techniques are shown to have histologically correlated sensitivity to myelin, but these 
correlations are not fully understood. Furthermore, MET2 and MT reports on different 
features of WM, thus being specific to different (patho)physiological states. Two-
dimensional studies, such as those commonly used in NMR, have been rarely performed 
in this context. Here, off-resonance irradiation effects on MET2 components were 
evaluated in fixed rat spinal cord white matter at 16.4T. These 2D MT-MET2 experiments 
reveal that MT affects both short and long T2 in a tract-specific fashion. The spatially 
distinct modulations enhanced contrast between microstructurally-distinct spinal cord 
tracts. Two hypotheses to explain these findings were proposed: either selective 
elimination of a short T2 component through pre-saturation is combined with 
intercompartmental water exchange effects that occur on the timescale of irradiation; or 
other macromolecular species that exist within the tissue – other than myelin – such as 
neurofilaments, may be involved in the apparent microstructural segregation of the spinal 
cord (SC) from MET2. Though further investigation is required to elucidate the underlying 
mechanism, this phenomenon adds a new dimension for WM characterization. 
 
 
 
Keywords: multiexponential T2 relaxometry; magnetization transfer; offset-saturation-
induced shifts; white matter; rat spinal cord. 
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Abbreviations: 
B0 – static magnetic field; BPF – bound pool fraction; CEST – Chemical Exchange 
Saturation Transfer; CNS – central nervous system;  dCST – dorsal corticospinal tract; 
FC – fasiculus funeatis; FG – fusiculus gracilis; FOV – field-of-view; FWHM – full width 
half maximum; GM – gray matter; iLT – inverse Laplace transform; MTRasym – 
magnetization transfer ratio asymmetry; Mref – reference magnetization; Msat – 
saturated magnetization; MET2 – Multiexponential T2; MRI – magnetic resonance 
imaging; MS – multiple sclerosis; MSE – multi spin-echo; MT – magnetization transfer; 
MTR – magnetization transfer ratio; MWF – myelin water fraction; MW – myelin water; 
NMR – nuclear magnetic resonance; NNLS – non-negative least-square; NOE – 
Nuclear Overhauser Effect; osi – offset-saturation-induced; OW – other water; PBS – 
phosphate-buffered-saline; PCA – principal component analysis; PFA – 
paraformaldehyde; ReST – reticulospinal tract; RF – radio-frequency; ROI – region of 
interest; RST – rubrospinal tract; SC – spinal cord; SEM – standard error of the mean;  
SNR – signal to noise ration; STT – spinothalamic tract; T1 – longitudinal relaxation 
time; T2 – transverse relaxation time; TR – repetition time; TE – echo time; VST – 
vestibulospinal tract; WM –white matter. 
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1. Introduction 
White matter (WM) microstructure integrity is essential for normal function of the 
central nervous system (CNS) [1]. Myelin content and composition are particularly 
important since they play a synergistic role with axon diameters in determining the 
conductance velocity along the axons [2–4]. While axon diameters can be characterized 
– to a certain extent – through advanced diffusion Magnetic Resonance Imaging (MRI) 
methods [5–8], multiexponential T2 (MET2) relaxometry and Magnetization Transfer (MT) 
are perhaps the most prevalent methods for studying myelin in tissues. Metrics derived 
from both MET2 and MT have been shown to histologically correlate with myelin content, 
[9,10] even if in a different manner: the myelin water fraction derived from MET2 is thought 
to better represent myelin content, while MT-based parameters are considered to better 
reflect myelin’s chemical composition (although myelin is not the sole contributor to MT 
signal) [11]. Both MET2 [9,12,13] and MT contrast [10,14,15] have been shown to be 
useful for investigating demyelinating diseases such as multiple sclerosis (MS) [16]. 
Additionally, MT techniques have been more recently combined with diffusion MR to 
extract microstructural features, namely, the g-ratio reflecting the ratio of inner and outer 
myelin sheath diameters [17].  
MET2 spectra obtained from Central Nervous System (CNS) white matter tissues 
typically exhibit two sizable components: a short T2 component attributed to water 
trapped between the lipid bilayers of myelin; and a long T2 component attributed to “other 
water”, tentatively assigned to encompass contributions from both intra- and extra-axonal 
spaces [12,18–22] (in peripheral nervous system tissues, it is common to be able to 
observe separate peaks for myelin, intra- and extra-axonal spaces [23]). The two spectral 
peaks observed in CNS are typically identified through regularized inverse Laplace 
Transforms [24–26]. Mackay et al. mapped the short T2 component fraction, termed by 
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the authors “myelin water fraction” (MWF) as a first approach to measure myelin content 
[18]. MWF was shown to be histologically correlated with myelin content in several 
tissues both in-vivo and ex-vivo, including amphibian peripheral nerve [27], human brain 
[9] and rat spinal cord (SC) [28–30]. Also, MET2’s applicability for studying demyelinating 
diseases such as MS has been demonstrated [9,12,13].  
On the other hand, magnetization transfer imaging [31] shows signal attenuation 
when off-resonant RF irradiation is applied, typically in a range of ±100 kHz from the 
resonant frequency. Such attenuation is caused by the exchange of magnetic 
polarization between pools of nuclear spins. In MT, a two-pool model – mobile and bound 
proton pools – is frequently adopted. If several offset frequencies as saturation powers 
are used, quantitative information such as the bound pool fraction (BPF) can be 
estimated by fitting the data to a model [32,33] . The MT phenomenon is mediated by a 
wide range of mechanisms, including magnetization exchange (e.g. through dipolar- and 
J-coupling mechanisms, nuclear Overhauser effect (NOE – typically found in a range 
from -5 to -3 ppm), etc.), and chemical exchange of protons [32,34,35]. The latter can be 
investigated when focusing at a range of frequencies of 1-4 ppm – a technique termed 
chemical exchange saturation transfer (CEST), which has been receiving growing 
interest in the past years [36,37]. In WM, since myelin is one of the dominant source of 
macromolecules, MT-derived metrics provide an  indirect, yet reproducible, measure of 
myelin content [38]. Histological validation of this hypothesis can be found in studies 
performed in a variety of tissues, including e.g. ex-vivo human brain [10], MS patients’ 
spinal cords [39] and rodent models of demyelination/remyelination [40,41].  
Although MWF and BPF (even MTR) derived from MET2 and MT experiments, 
respectively, are histologically correlated with myelin content, these correlations are not 
straightforward. Importantly, while MT in tissue mainly emerges from dipolar couplings 
and chemical exchange, the origins of MET2 are not yet fully understood. Clearly, 
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populations characterized by different T2s are required to invoke a multiexponential 
decay, but the identity of those pools and how they correlate with specific compartments 
in the tissue are not well understood. While at first glance, it would seem that MWF and 
the components undergoing MT in tissues should be similar, MET2 and MT have been 
shown to be sensitive to different pathologies and/or physiological states [11,42,43]: for 
example, demyelination has been shown to induce decreases in MWF and MTR, but 
remyelination only affected MWF derived from MET2, while MTR remained low [11]. In 
another study, MWF contrasted different spinal cord tracts that have similar myelin 
content but varying axon diameters, contrariwise to MTR [44]. Thus, MTR is thought to 
reflect differences in chemical composition of new myelin while MWF reflects some 
degree of intercompartmental water exchange [45]. These findings are in line with a 
recent study comparing MWF and BPF with myelin volume fraction in the mouse brain, 
calculated from a volumetric model of WM [46]. 
While studies comparing MET2 and MT-derived contrasts provided vast input into 
the field, a combined, two-dimensional, experiment could potentially provide more 
detailed information than separate one-dimensional measurements [47]. Harrison et al. 
[48] performed a two-dimensional MT-multi spin-echo (MSE) (spectroscopic) NMR 
experiment at 1.5 Tesla, and reported the quantitative MT measurements to be identical 
for short and long T2 components. Shortly thereafter, a hybrid MT-MSE NMR study with 
varying saturation pulse duration was conducted in bovine optic nerve, aiming to fit the 
data to a model comprising two tissue compartments, each with two proton pools, and 
incorporating exchange between them [49]. MT effects were then found to be mainly 
mediated by the short T2 component, though water exchange was also found to influence 
the long T2 component to a certain extent [49]. Similar results were obtained in an in-vivo 
human MR imaging study, reporting a larger MTR for the short T2 component when the 
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delay between the short-timescale MT modulation and acquisition was shorter than 200 
ms [50].  
Nearly all these studies observed how MT contrast varied at different TEs. However, 
if it is assumed that short T2 components are more likely to comprise the BPF, a 
potentially instructive way to approach the experiment is from the opposite sense: to 
observe how MT modulates T2 distributions extracted from MET2. To our knowledge, 
whether magnetization transfer can actively affect the T2 distribution in white matter has 
not been explored. In addition, the spatial distribution of such putative modulations has 
not been reported insofar.  
Therefore, the goals of this study were: (1) to implement a two-dimensional hybrid 
MT-MSE technique to investigate how spectrally-resolved off-resonance irradiation 
modulates MET2 components; (2) to assess whether the modulations are tract-specific. 
Upon performing such experiments in fixed rat spinal cord at 16.4T, we find intriguing 
modulations in white matter, which, we posit, could reflect exchange between water pools 
in the tissues or, alternatively, a more direct modulation by semisolid structures in the 
WM such as, hypothetically, neurofibrils. The contrast enhancements, as well as 
potential future directions, are discussed.  
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2. Materials and methods 
This study was carried out in compliance with the recommendations of the 
directive 2010/63/EU of the European Parliament of the Council, authorized by the 
Champalimaud Centre for the Unknown’s Animal Welfare Body, and approved by the 
national competent authority (Direcção Geral de Alimentação e Veterinária, DGAV).  
 
2.1. Specimen preparation 
Male Long Evans rats (N = 3) were perfused transcardially with 4% paraformaldehyde 
(PFA) for extraction and isolation of the spinal cord. The samples were stored in 4% PFA 
for approximately 24 h to fix the tissue, after which they were transferred to a fresh 
Phosphate-Buffered-Saline (PBS) solution for 24 h. Before undergoing imaging (2 to 4 
days after prefusion), cervical spinal cords were cut into thin sections of approximately 3 
cm length and placed in a 5 mm NMR tube filled with Fluorinert (Sigma Aldrich, Lisbon, 
Portugal). A small plastic tube with diameter up to 1 mm was squeezed alongside the 
spinal cord to ensure the specimen remains stationary and does not move during 
scanning. A long plastic tube (with approximately 3 mm diameter) was positioned on top 
of the SC to prevent it from floating upward.  
 
2.2. MRI experiments 
All experiments were performed on a 16.4 T Bruker Aeon scanner (Bruker, Karlsruhe, 
Germany), operating with Paravision 6.0.1 software, and interfaced with an Avance IIIHD 
console. The system is equipped with a micro5 probe and a gradient system capable of 
producing up to 3 T/m in all directions. A birdcage coil with inner diameter for 5 mm was 
used for transmitting and receiving at proton frequency. All experiments were conducted 
at 37˚C.  
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To investigate multiexponential relaxation, a single-slice multiple spin echo (MSE) 
sequence was employed with the following parameters: FOV = (5.0 x 5.0) mm2, matrix 
size = (80 x 80) leading to an in-plane resolution of (63 x 63) µm2, slice thickness = 800 
µm, echo time (TE) = {2.75:2.75:264.00} ms (96 increments), repetition time (TR) = 3000 
ms, bandwidth (BW) = 100 kHz, number of averages (NA) = 4. These specific parameters 
were based on a preliminary T1/T2 study in the same spinal cords. A single slice in 
cervical portion of the spinal cord (C2-C7) was positioned in centre of the coil.  
To achieve magnetization transfer, the MSE sequence was preceded by an MT 
module consisting of a gaussian-shaped RF pulse with a duration of 2 sec and peak 
power of 5 µT, and a gradient crusher prior to the MSE acquisition (Supplementary 
Figure 1). The selection of MT module parameters is explained in the Supplementary 
Figure 2 and is consistent with other studies performed at 16.4 T [51]. MT offset 
frequencies were varied between {-50,50 kHz} in 1 kHz increments. The effect of any 
residual transverse magnetization following the off-resonance irradiation was removed 
by phase cycling the excitation pulse in two steps {0 2}, as was later confirmed by post-
hoc analysis (see below). The total of 102 experiments took ~30 h per spinal cord in total.  
 
2.3. Image Analysis 
Image processing and analysis were performed in MATLAB (The Mathworks, Natick, 
MA). Magnitude data was converted to real data using Eichner’s method [52]. 
Subsequently data was denoised using Veraart’s principal component analysis (PCA) 
algorithm based on random matrix theory and Marchenko-Pastur distributions of noise 
eigenvalues [53]. The echo times were used as the redundant dimension, and the 
denoising was repeated for each MT offset frequency. Finally, a last Gibbs unringing step 
based on the algorithm presented by Kellner et al. [54] was employed. Illustrative images 
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of intermediary steps in the pre-processing pipeline are shown in Supplementary Figure 
3.  
Region of interest (ROIs) analysis was performed on two ROIs representing WM and 
GM. Large portions in the lateral WM and central part of GM, respectively, were taken to 
ensure sufficient signal to detect even small changes. In addition, to assess tract-specific 
information, ROIs were carefully chosen for the seven different tracts in WM [44,55–58], 
including dorsal Corticospinal tract (dCST), Fasiculus Cuneatis (FC), Fusiculus Gracilis 
(FG), Reticulospinal tract (ReST), Rubrospinal tract (RST), Spinothalamic tract (STT) 
and Vestibulospinal tract (VST). In all cases, the average of the ROI signal intensity was 
used for further analysis.  
 
2.3.1. Magnetization Transfer analysis 
Magnetization Transfer Ratio (MTR) [59] and MT asymmetry (MTRasym) [60,61] at 
every TE were evaluated according to 
 𝑀𝑇𝑅 = 𝑀%&'(𝜔)𝑀+,-  (1) 
 𝑀𝑇𝑅&%./ =
𝑀%&'(−𝜔) −𝑀%&'(𝜔)
𝑀+,-  (2) 
where Msat(ω) is the signal intensity at an offset frequency ω, and Mref the intensity of the 
reference image. MTR and MTRasym maps of a single offset frequency irradiation (and 
single TE) were also generated for the frequency with maximum 1𝑀𝑇𝑅&%./(𝜔)	1. In each 
ROI, the Mean±SEM among SCs are reported.  
 
2.3.2. Multiexponential T2 analysis 
For the MET2 relaxometry analysis, the multi-exponential signal decay over time t can 
be written as: 
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 𝑆(𝑡) =5𝐴(𝑇7,9)
9
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'
=>,? + 𝜀 (3) 
where 𝑇7,9 and 𝐴(𝑇7,9) correspond respectively to the relaxation times (T2s) and the T2s 
distribution fractions, and 𝜀 represents the noise. The T2 distribution can be calculated 
by a Laplace inversion [18,62], which decomposes the signal into an arbitrary number of 
exponentials, allowing the representation of T2 distributions with varying number of 
components. A non-negative least square (NNLS) algorithm can be used for this purpose 
[18–20,24,62], with all the cautions of ill-posedness. In this study, we used a regularized 
non-negative least square (NNLS) algorithm  [24–26] regularized with minimum 
curvature constraints as in [44]. Extended phase graph analysis was performed to 
account for B1+ inhomogeneities and ensuing stimulated echoes [63].  The code used for 
the Laplace inversion is part of the REMMI analysis tool and can be found online in 
http://www.vuiis.vanderbilt.edu/~doesmd/MERA/MERA_Toolbox.html.  
The regularization weighting was set to α = 0.05 and the number of points in the T2 space 
were 200, spaced from 2 to 265 ms. The NNLS procedure was conducted both for the 
mean signal decay in each ROI and voxel-by-voxel for all 102 sets of images (101 
different offset frequency images + 1 reference). The fit error was calculated as the sum 
of the squared residuals. The SNR was also calculated using the REMMI analysis tool 
box, and it is given by the sum of the T2 spectrum divided by the standard deviation of 
the residuals. In order to evaluate the effect of noise on the calculation of T2 spectra, 
increasing levels of gaussian noise was added to the data from one representative high 
SNR ROI in the WM, and the respective T2 distributions were analysed. (Supplementary 
Figure 4). A minimum mean SNR (averaged in all SC voxels) of 500 was set for exclusion 
of samples. 
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2.3.2.1. Analysis of T2 distribution peaks 
The distributions were divided into T2 components (short/long T2) according to the 
characteristics of its peaks. Two parameters were extracted per peak/component: i) 
fraction of components and ii) T2 of peak. The short T2 component commonly referred to 
as myelin water, was computed for each spectrum from the peak with T2<23.5 ms. The 
long T2 component (or other water) exhibited a peak between 23.5 and 65.0 ms. For 
each offset frequency irradiation, two parametric maps of each component were 
generated from the voxelwise inverse Laplace inversions – myelin water fraction (MWF) 
vs other water fraction (OWF) maps and T2 short vs T2 long peak maps.  
  
2.3.3. Hybrid MT-MSME: MET2 changes over offset frequency 
Finally, to investigate if MT irradiation modulates MET2 relaxometry, the variation of 
T2 distributions over offset frequency was explored in each ROI. 3D contour maps of T2 
distributions were plotted against the offset frequency. Then, each one of the four 
extracted component-based parameters were plotted against the irradiation frequency. 
Both absolute and relative changes (normalized to the reference image) of each 
parameter were calculated.  
To facilitate the visualization of differential spatial effects of such spectra, maps of 
offset-saturation-induced changes on MET2 parameters were derived. To do so, four 
spectral windows with a 15 kHz range were selected: Window 1= {-45,-30} kHz; Window 
2 = {-20,-5} kHz; Window 3 = {5,20} kHz; Window 4 = {30,45} kHz. Windows 1 and 4, and 
2 and 3, respectively, are symmetric with respect to the water resonance. In order to 
obtain single-image maps, the integral of each window was taken per coefficient per 
voxel, resulting in parametric offset-saturation-induced-MET2 window maps. Voxel-by-
voxel interpolation of parametric changes over frequency was conducted prior to the 
integration. Lastly, two difference maps were calculated: one with two symmetrical 
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spectral windows (Window 3 - Window 2); and another map with the difference between 
a window far from the resonance frequency representing “unsaturated” magnetization 
(Window 4) and a spectral window with an accentuated MT modulation (Window 3).  
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3. Results 
Raw (MT-)MSE data from a representative spinal cord are shown in Figure 1A and 
Figure 1B, enabling the assessment of image quality. Figure 1A displays representative 
images after denoising for different echo times, and Figure 1B shows the entire 2D decay 
profile for the white matter ROI. In both dimensions, the signal is well-behaved, decaying 
non-monoexponentially in the TE domain and evidencing z-spectra shapes in the 
irradiation offset domain. The SNR (averaged among all voxels in the SC) of each spinal 
cord (SC#1, #2 and #3) in the first echo of reference image (without MT) was 506, 537 
and 358, respectively. SC#3 did not reached the minimum SNR criterion and for that 
reason was excluded from further analysis. The difference between non-denoised and 
denoised images showed only noise and no structure, indicating a good performance of 
the denoising procedure (Supplementary Figure 3).  
 
3.1. Magnetization Transfer 
To select specific parameters for the 2D experiments, MT z-spectra and MTRasym 
(Mean±SEM among SCs) were assessed at specific TEs for different ROIs (Figure 2A). 
Both MTR and MTRasym plots are in line with what has been observed in white matter, 
where a shift in the MT symmetry with respect to water is predicted due to the contribution 
of the semisolid pool [60,64]. 
  As expected, MT effects are larger in WM compared to GM ROIs (Figure 2B). 
However, tract-specific information is much less apparent: both MTR and MTRasym maps 
for ω = -13 kHz, corresponding to the largest observed MT effect in WM (Figure 2C), 
evidences only minor contrast among the different WM tracts. MTR and MTRasym plots of 
the respective tract ROIs supports this observation, showing very small differences in MT 
for these tracts (Figure 2D). Figure 2E compares z-Spectra and MTRasym plots of the 
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WM ROI at different echo times. Greater MT effects were observed for shorter echo 
times. 
 
3.2. MET2 relaxometry 
Prior to the 2D experiment, specific MET2 experiments were examined. In white 
matter, a non-monoexponential MSE signal decay was observed, giving rise to a 
distribution of T2s via the inverse Laplace transform (Figure 3). In all spinal cords, two 
peaks were detected in WM around 10-20 ms and 25-50 ms, while only one peak around 
25-50 ms was found in GM. In white matter, the short T2 component represented a 
fraction of (Mean±SEM among SCs) 0.43±0.01 of the total T2 distribution and was 
attributed to “myelin water” (MW) [44]. The long T2 component, representing the 
reciprocal fraction of 0.57±0.01, was considered to correspond to the “other (or intra-
/extra-axonal) water” (OW) [44]. Parameters extracted from the inverse Laplace 
transform (iLT) in experiments without any MT pulses are summarized in Table 1; results 
from one representative spinal cord are shown in Figure 3. Two parameters were 
extracted per T2 component, its fraction and the T2 of peak.  
 
Table 1 – T2 distribution parameters from inverse Laplace analysis 
in the WM of all SCs 
 Slice position T2 short T2 long 
T2 of Peak 
(ms) 
fraction T2 of Peak 
 (ms) 
fraction 
SC#1 (~C2) 18.60 0.44 41.18 0.56 
SC#2 (~C4) 16.37 0.42 37.07 0.58 
Mean±SEM 17.48±1.11 0.43±0.01 39.12±2.05 0.57±0.01 
 
Voxelwise parametric maps of the short and long T2 components are shown in Figure 
3B. The extracted parameters were found to contrast different WM tracts well. Table 2 
registers the Mean±SEM (among SCs) T2s and areas of short and long T2 components 
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of different ROIs (WM, GM and seven different WM tracts). dCST was the ROI with 
highest variability and biggest number of outliers among ROIs and SCs. 
 
Table 2 – Mean±SEM of T2 distribution parameters of different ROIs 
ROIs T2 short T2 long 
T2 of Peak 
 (ms) 
Area  
(fraction) 
T2 of Peak 
(ms) 
Area 
(fraction) 
WM 17.5±1.1 0.43±0.01 39.1±2.1 0.57±0.01 
GM N/A 0 30.7±1.8 1 
dCST 16.5±0.1 0.21±0.002 28.2±0.3 0.79±0.002 
FC 16.0±0.5 0.45±0.007 42.0±1.4 0.55±0.007 
FG 14.0±0.9 0.29±0.04 31.1±2.1 0.71±0.04 
ReST 17.2±0.4 0.42±0.01 39.0±0.1 0.58±0.01 
RST 16.8±2.0 0.37±0.03 36.2±3.6 0.63±0.03 
STT 17.4±0.3 0.45±0.04 37.6±2.1 0.55±0.04 
VST 18.5±1.15 0.46±0.02 44.2±1.9 0.54±0.02 
WM – white matter; GM – grey matter; dCST – dorsal corticospinal tract; FC – Fasiculus Gracilis; 
FC – Fusiculus Cuneatis; ReST – Reticulospinal tract; RST – Rubrospinal tract; VST – 
Vestibulospinal tract 
 
 
3.3. Offset-Saturation-Induced (osi-) Shifts in MET2 
To assess whether T2 distributions are modulated by MT saturation, iLT analysis was 
performed for every MT offset frequency. Figure 4 shows the results for a representative 
SC. In the WM ROI, a clear modulation of T2s is observed (Figure 4A), which we term 
“Offset-Saturation-Induced” (osi-) MET2 shifts. The GM ROI also exhibits modulations in 
the (single-peaked) spectra. By visual inspection of the contour plots of T2 distributions 
over frequency in different ROIs, these modulations appear to have tract-specific 
characteristics (Figure 4B): for example, though all distributions seem to be shifting 
towards lower values as the saturation frequencies become closer to zero (approximately 
symmetrically), the dCST shows a larger modulation compared to, e.g. VST.  
A more quantitative analysis of the osi-shifts was conducted by examining the 
irradiation-induced modulations on the two parameters that characterize the short and 
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long T2 components in the distribution. Supplementary Figure 5 shows that the 
variability in spinal cord position or preparation does not greatly impact the reproducibility 
of osi-shifts. Hence, Figure 5 shows the Mean±SEM osi-shifts among all SCs for the ROI 
defined in Figure 5A. Figure 5B and Figure 5C correspond to absolute and relative 
parameter changes in a large WM ROI, respectively. The maximum variation in mean 
short T2 was ~7 ms, from 10.0±0.5 ms to 16.65±0.7 ms, with its fraction varying from 
0.26±0. 0.001 to 0.41±0.001. The mean long T2 component in WM ROI varied by ~4 ms, 
from 33.5±1.5 ms to 37.3±1.9 ms, with its mean fraction increasing from 0.58±0.001 to 
0.74±0.001. As predicted, both the absolute and relative variation of the short T2 
component with MT modulation is larger compared to the variation of the long T2 
component. Both parameters exhibited a similar trend (Figure 5C).   
 
To study whether osi-shifts may be tract-specific, the same spectral signatures 
were compared among different WM tracts (c.f. Figure 6A for ROI definitions). Different 
tracts reveal both variability on the absolute initial T2s (particularly on the long T2 
component, see Figure 6B and Figure 6C) and on the amplitude of osi-shift effect 
(Figure 6B and Figure 6C). Interestingly, dCST and VST, as well as FC, that are among 
the anatomically most different WM tracts vis-à-vis their average diameters, presented 
with the biggest variation among tracts, both on the absolute value of parameters 
regardless of MT modulations and on the amplitude of osi-effects after irradiation. Please 
note that the high variations particularly noticeable in the dCST tract are induced by noise 
inherent to the inverse Laplace transform. 
 
The specificity of some osi-shift parameters to specific tracts raise the question 
whether osi-shifts are spatially coherent. To investigate this, parametric maps of osi-
shifts in specific spectral windows were plotted (Figure 7). The selection of spectral 
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windows is illustrated in Figure 7A, where four symmetric “two-by-two" windows (window 
1 is symmetric to window 4 while the window 3 is symmetric to window 2) were defined 
based on similar osi-shift characteristics. Maps of each parameter in each specific 
spectral window are shown in Figure 7B. The maps are symmetric for all spectral 
windows, both for long- and short-component osi-shift parameters, suggesting that the 
osi-shifts are spatially coherent. Interestingly, nearly all maps of spectral windows 2 and 
3, which are those with larger MT saturation, exhibit higher contrast among different WM 
tracts. This phenomenon is particularly evident in short T2 fraction (or MWF) osi-shift 
maps (Figure 7). Then, difference maps were calculated between the different spectral 
windows. The difference between symmetric saturated spectral windows did not exhibit 
any specific contrast within the white matter, suggesting indeed that the maps are 
symmetric with respect to 0 frequency Figure 7D). By contrast, the difference between 
spectral windows with and without saturation exhibited a distinct contrast within the white 
matter (Figure 7C). 
To investigate whether these spectral window maps can be used to enhance the 
contrast to specific WM tracts, three profile lines were placed along different tracts in 
Spectral Window, MWF and MTR maps (Figure 8A). The variation of the signal along 
these lines was computed and compared for the three different techniques (Figure 8B). 
Finally, the Mean±STD of the signal intensity within each of the seven WM tracts ROI 
was plotted to have a more quantitative analysis of the same quantity (Figure 8C). The 
Spectral Window maps appear to be able to enhance the contrast between different WM 
tracts (see e.g. ReST vs VST), although more SC and further statistic tests beyond the 
scope of this work is required to confirm our hypothesis.  
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4. Discussion 
MRI’s potential for studying healthy and diseased white matter is one of its hallmarks. 
Obtaining more detailed and specific information on myelin is perhaps one of the greatest 
challenges in contemporary white matter MR imaging [12,17,46]. Although it is well-
stablished that both MET2 and MT metrics are histologically correlated with myelin 
content [9,10], a better understanding of each method’s source of contrast is required for 
accurately extract quantitative information about the tissue from these metrics, such as 
myelin fraction, integrity, or its composition. Previous studies have found that mainly the 
short T2 component undergoes MT, although the longer T2 components may also be 
influenced – directly or indirectly – by the irradiation [49,50]. However, whether the T2 
distribution in its entirety could be modulated by MT irradiation, its dependence on the 
full irradiation frequency, and the spatial distribution of these effects was not investigated, 
to our knowledge.  
(1) Here, we used a 2D MT-MET2 MRI approach to investigate modulations of T2 
distributions in fixed rat spinal cords at 16.4 T. Several findings can be noted from 
our study, and will be discussed in-depth below: T2 components extracted from 
the analysis in this study, even without irradiation, were characterized by relatively 
long MW T2s (MW ~10-20 ms; Mean±SEM = 17.5±1.1 ms) compared to other ex-
vivo MET2 studies. MWF was also uniformly higher. OW T2s, on the other hand, 
were comparable or even slightly shorter (OW ~25-50 ms; Mean±SEM = 39.1±2.1 
ms) [28,44]; 
(2) MT irradiation modulates the T2 spectra and shifts both short and long T2 
components (although the effect is larger in short T2 – MW – component); 
(3) These osi-shift signatures appear to have some specificity in terms of contrasting 
different spinal cord tracts.  
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Long T2s in ex-vivo spinal cords at ultrahigh field. In fixed spinal cord white matter, 
we observed peak T2s of MW and OW at ~10-20 ms and ~25-50 ms, respectively. 
These values may be judged to be high considering the ultrahigh 16.4 T magnetic 
field. Previous studies by Kozlowski et al. in ex-vivo spinal cord at 7 T reported T2s of 
MW <20 ms and OW <50 ms [28] and similarly, Dula et al. observed T2s of MW ~10-
14 ms and OW ~43-61 ms [44]. In-vivo, T2s of the spinal cord at 7 T were reported at 
MW <20 ms and OW >30 and <100 ms [28]. Oakden et al. reported MW at 3-39 ms 
(healthy and injured) and healthy OW at 40-77 ms [29]. We attribute the slight long 
MW T2 measured in this study to several mutually-reinforcing factors. First, the SNR 
was a priori high, which will assist in an accurate determination of T2. Second, the 
interecho spacing was short (2.75 ms), which provided a high-fidelity curve for 
analysis. Third, the MP-PCA denoising [53] significantly improves SNR without 
blurring, and “revives” signal at the tails of the decay. Thus, denoised data can be 
expected to have the more accurate and longer T2 compared to their non-denoised 
counterparts. Fourth, the spatial resolution in this study was higher than those 
previously reported, thereby reducing partial volume effects. Finally, and probably 
most importantly, unlike Dula et al., [44] and Kozlowski et al., [28], our experiments 
were conducted a temperature of 37 ˚C. A-priori, the higher temperature will increase 
T2 values due to increased molecular rotational degrees of freedom, but it also will 
increase exchange which can explain why the longer T2 component was not much 
higher. Indeed, when we repeated some of these experiments at lower temperature, 
the T2 spectral trends are consistent with ex-vivo spinal cord literature (data not 
shown), which was invariably performed at room temperature rather than 37 ˚C.  
 
Modulations of T2 spectra by MT irradiation. The 2D MT-MET2 pulse sequence in this 
study was designed to pre-saturate one component and observe the ensuing T2 
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spectrum. If two non-interacting components with distinct T2s existed, and only one of 
those species (assumingly the short T2 component) could undergo MT, then the 
experiment would have yielded a T2 spectrum where only one component’s area is 
modulated. That is, upon “erasing” magnetization from one species, it’s magnitude in the 
T2 spectrum would be lowered (as there are less spins to contribute to T2 relaxation), 
while the other species’ spectrum would not be affected.  
Before analysing MT irradiation effects in MET2 components, it is worth 
considering the irradiation effects at different echo times (Figure 2). The frequency range 
employed was quite large, but the quite selective irradiation employed here may also 
affect CEST contrast [37,65] in the relevant frequency range of ~ 0.7-2.8 kHz (1-4 ppm). 
Our experiments only contain 3 acquisitions close to this range (1, 2, 3 kHz), which 
precludes a detailed analysis of CEST-related phenomena. A similar argument applies 
to NOE, where the frequency range of -5 to -3 ppm [66] is poorly characterized in our 
experiment. The characteristic shape observed in MTR and MTRasym plots at different 
echo times thus appears to be related to a shift with respect to the water frequency 
induced by the presence of the macromolecular pool itself [60,64].  
 When focusing at the effects of MT modulation on the parameters extracted from 
the T2 spectra analysis, our findings show that both MW and OW are affected by 
irradiation, though to different extents. Modulations of MWF – the short T2 component – 
were expected and discussed in the past: combined MT-MET2 NMR/MRI studies in WM 
[48–50,67] reported significant larger MTR for the short T2 component when compared 
to the long T2, if the timescale of the MT modulation is shorter than 200 ms. Such results 
support that MT effects are mainly mediated through the short T2 component, although 
for longer saturation time experiments an average MT effect is observed by providing 
time for the components to exchange. These studies have also shown MT effects on 
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OW, and indeed, in our study OW was also found to be modulated by the MT (Figure 5), 
although an overall greater effect on MW (short T2) was observed.  
It might be worthy to notice that these studies have been performed in different 
types of myelinated tissues, e.g. in human brain [42] and in peripheral nerve [67]. The 
brain white matter consists of smaller axons while peripheral nerve typically has larger 
axons and more myelin. In our case, we studied an "intermediate"-level tissue, the rat 
spinal cord, which typically has larger axons than the brain but smaller than the peripheral 
nerve. In general, a shift in T2 distributions were observed also in those previous studies 
(though not thoroughly discussed), but the magnitude and even direction of shifts appear 
to vary substantially. In particular, both Vavasour and Does studies show an increase of 
the shortest T2 while here a decrease of all T2s is observed. The common feature in all 
studies is that the strongest effect was shown to mainly involve the shortest myelin-
related peak. Further comparisons of osi-shifts for different types of tissues would be 
potentially very informative, but requires much more similar acquisition conditions (field 
strength, irradiation pulse, etc.). 
Note also that SNR loss with saturation is not a likely source for osi-shifts. 
Supplementary Figure 6 hows an additional spectrum acquired with increased NA 
closer to the water resonance. Increasing the SNR of images with high MT modulation 
did not change the previously-observed osi-shift trends, suggesting that SNR was not a 
dominant constraint in this study. Note that this is a complement of Supplementary 
Figure 4 (rather than a replacement of the same) for a better characterization of the 
effects of noise on the T2 distributions. 
At least two distinct plausible explanations for these observations can be invoked: 
(1) the OW contain axonal and extra-axonal water, which will interact with the innermost 
and outermost layers of myelin, respectively, and the long offset saturation may create 
an efficient labelling mechanism for such water; (2) exchange between the MW and OW 
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may be significant enough that saturation of one component then imprints on the other. 
A third, potential explanation would be that OW interacts with macromolecules (other 
than myelin) in the axonal space – for example, neurofibrils and microtubules, which in 
turn may also induce direct MT effects. Neurofibril staining is actually a marker for intra-
axonal space [57], and neurofibrils are quite densely packed; in this case, the neurofibril 
density may be proportional to the axon diameter, which can explain both the contrast in 
MET2 images (through diffusion-mediated decoherence) as well as the MT influence of 
the longer T2 component.  
 
Tract-specific contrast of osi-shift signatures. One key observation is that osi-shifts 
are tract specific. Moreover, the ability of osi-shifts from a combined MT-MSE study to 
contrast different tracts appears to be higher than any of these techniques alone (Figure 
8).  
The biggest differences in osi-shifts were noted for tracts which are histologically 
known to have the largest disparity in micro-anatomical features, and particularly, the 
axon size distribution (Figure 9). The dCST has the smallest axons in the SC, with 
average axon diameters around ~1.4 µm, while FC and VST have mean axon diameters 
of ~3.4 µm as measured from histology [57]. The ReST has been characterized by 
having the largest diameters, with average axon size of ~4 µm, but has lower axonal 
density compared to dCST and FC, or VST [44,56,57]. Importantly, the myelin fraction is 
quite similar, varying by less than 10% among all tracts, between 0.35-0.39 [57] (Figure 
9A). Indeed, the osi-shifts showed dCST and FC, or VST, to be the most disparate in 
terms of the osi shift amplitudes. This observation can provide additional insight in the 
context of potential explanations for the observation of osi-shifts in MW and OW. Since 
the myelin content is not very different between the tracts, yet the osi-shifts seem to vary 
correspondingly with axon sizes, a surface-to-volume effect could be invoked as a 
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potential mechanism. In particular, assuming that exchange rate (MW à OW) would be 
similar among tracts, a large MT effect for the smallest tracts could indicate either that 
exchange is greatest (the myelin thickness would be the smallest in the smaller tracts) 
or, alternatively, that restricted diffusion enables more cross-relaxation at the boundaries 
and macromolecules within the intra-axonal space. The latter hypothesis would be in line 
with the involvement of neurofibrillary macromolecules in T2 contrast.  
Alternatively, these modulations may reflect intercompartmental water exchange, 
which may cause an underestimation of short T2 component area and T2 values. This 
hypothesis has been proposed before to explain contrast in MWF maps in [44,45]. 
Variations in MW and OW over the saturation frequency (after MT modulation) would 
then be a consequence of affecting myelin through presaturation, which would then be 
transferred to the OW compartment by water exchange. Further studies would be 
required to validate or exclude any of the proposed explanations. 
 
4.1. Technical considerations 
The spinal cord was selected as a model of WM due to its diverse microanatomy: 
it is composed by a variety of tracts with different mean axon diameters and myelin 
thickness despite having similar myelin densities [44,56,57]. Additionally, it is a structure 
with mostly aligned fibers [56,57] which makes it easier to study as T2 anisotropy could 
be expected to be small [68]. Notwithstanding, several factors must be considered to 
ensure the reliability of the results.  
 
B1 inhomogeneities. The transmit field inhomogeneity can significantly influence 
the determination of T2 estimation quality [28]. In this study, a 5-mm birdcage coil 
enclosing the entire SC was used. This setup incurs minimal B1 inhomogeneities as 
confirmed by using a double angle method experiment [69]: indeed, the B1 map 
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(Supplementary Figure 7) shows that there are little deviations from the prescribed flip 
angles. Moreover, B1 inhomogeneities and ensuing stimulated echoes were reduced by 
performing extended phase graph analysis as described before in [63].   
 
Diffusion attenuation in a CPMG. In a CPMG-like sequence, diffusion weighting 
induced by imaging gradients may contribute some attenuation [70] which, if 
unaccounted for, can bias T2 estimation. However, the short delays in our pulse 
sequence (2.75 ms) render diffusion weighting small. Hence, we can exclude diffusion-
based inaccuracies as the dominant source of the observed shifts in T2 spectra.  
 
SNR, interecho spacing, minimum first echo time and spatial resolution. All these 
are important factors in quantifying T2 spectra, especially given the ill-posedness of the 
iLT. The SNR of the experiments in general was very high (>500), both due to the 
ultrahigh field strength and due to the Marchenko-Pastur PCA denoising, which can 
remove noise without compromising image resolution [53]. Moreover, the SNR change 
over the probed frequency spectrum could not explain the osi-shifts (see Supplementary 
Figure 4), although it must be recognised that the effect of direct saturation when 
approaching the water frequency might affect T2 distributions. therefore, less attention 
was given to frequencies ~5 kHz around water resonance, which contain the strongest 
direct saturation effects. The interecho spacing employed here was also probably one of 
the shortest reported for MRI-based multi-echo sampling in the context of myelin water 
(2.75 ms). This increases the accuracy of the T2 spectrum estimation. Similarly, our 
minimum echo time of 2.75 ms was short, increasing the quality of T2 spectra. Finally, 
high spatial resolution was used, which (a) reduces internal-gradient-induced diffusion 
[71] and (b) reduces partial volume effects, both of which then provide a better estimate 
of T2 [28].  
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Comparison of MTR, MTasym and MET2. It is interesting to compare the different 
contrasts obtained from each method, prior to discussion of the 2D approach. The two 
parametric maps extracted from conventional MET2 spectra (Figure 3B) were compared 
with MTR and MTRasym maps from the same spinal cord (Figure 2C). While T2-derived 
parametric maps contrast between the SC’s different tracts, particularly T2 and area 
(MWF) maps, MTR and MTRasym maps were considerably more spatially homogeneous 
in WM (only slight contrast between FG vs FC/dCST can be depicted in MTR maps). 
This observation is in agreement with the findings by Dula et al. [44], who reported MWF 
to vary with microanatomy whereas MT characteristics remain constant (as mentioned 
before, the authors proposed intercompartmental water exchange to justify such 
difference, an hypothesis supported by simulations [45]). Such remarks reinforce the idea 
that MT is more sensitive to the biochemical composition of tissue while T2s appear to 
contrast different physical compartments [11].  
 
4.2. Potential application of osi-shifts 
Finding osi-signatures to be tract-specific can potentially represent an opportunity: 
we hypothesized that the osi-shifts could be used to enhance contrast to specific tracts 
by mapping the integral of a specific peak or spectral window in the osi spectra. Figure 
8 shows that indeed tracts with different properties are contrasted using the spectral 
window maps, although further comparisons would be needed not only to test the gains 
of this method versus standard MWF mapping but also the exact source of such 
contrasts. 
It is noteworthy to realize that several factors would have to be considered if 
looking beyond excised tissues into in-vivo applications. Though the conduction of 
experiments at 37 ºC already represents an environment closer to that of in-vivo 
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experiments, chemical fixation is known to reduce T2s, although most of these effects 
are reversed after washout [72,73]. Indeed, a close correspondence was found between 
T2 distributions of fixed [44] and in-vivo [45] rat SCs, but a different fixative was used in 
our study and different chemical preparations are known to affect exchange properties 
differently [73]. Therefore, this study should be followed by an in-vivo experiments to 
validate the phenomenon in such settings. In addition, because the main goal of this 
study was to explore the relationship MET2 and MT for a broader understanding of the 
mechanisms involved, temporal resolution was not a limitation (the total acquisition time 
was ~30h per dataset). Reduction of the acquisition time (e.g. by reducing spectral 
resolution) would be required for an in-vivo preparation.  
 
4.3. Framing MT and MET2 in MR-based WM characterization 
Looking beyond MET2 and MT, many different MR approaches have been proposed 
to characterize WM. For example, diffusion-based MR techniques such as q-space 
imaging [5] or oscillating gradients spin echo [6] were shown to be valuable techniques 
to map WM characteristics as axon diameters, although requiring powerful gradients. 
Alternatively, axonal mapping T2*-based techniques have also been proposed to 
overcome this limitation [57] although only parallel fibers were considered. These 
techniques provide important WM information but don’t address myelin content 
quantification. Multi-exponential T2*, similarly to MET2, showed already promises to map 
myelin [74]; but such technique, not only is reported to be challenging at UHF [46] but 
also introduces a new unknown (additional dephasing in the transverse plan), and thus 
it may be more difficult to interpret results. Quantification of T1 was also proposed, but its 
accurate measurement is challenging [75] and off-resonance irradiation was found to 
generate unexpected extra signals on T1 measurements [76]. Multidimensionality has 
also been applied previously in a diffusion-relaxation correlation spectroscopy imaging 
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study [77] that demonstrated the power of hybrid studies, in this case, for resolving tissue 
compartmentalization. Adding a third dimension (diffusion) may be an interesting follow-
up of the present study. However, before further explorations, both histology and careful 
theoretical treatment are required to elucidate the observed mechanism. 
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5. Conclusion 
In this study, the effects of irradiation at different offset frequencies on the MET2 
spectra were explored. MET2 parameters were found to shift with off-resonance 
saturation, showing unique tract-specific signatures across the irradiation frequency. 
Offset-saturation-induced (osi-) MET2 parametric maps show contrasts between 
microstructurally-distinct rat spinal cord tracts. Furthermore, the potential of exploiting 
the osi-MET2 shift phenomenon to increase white matter contrast was demonstrated. 
Exchange of water or intra-axonal macromolecules have been suggested as hypothetical 
explanations for the source of the contrast, and further experiments are required to 
establish or refute either interpretation. Nevertheless. MT-MET2 and the ensuing osi-
shifts can add a new dimension for WM characterization that will greatly assist in 
investigating the source of the phenomena presented here. 
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Figures 
 
 
Figure 1 - MT-MSME data. A) Overall appearance of MT-MSE datasets (denoised data) 
from one representative spinal cord (SC #1). Denoised images at different offset 
frequencies and echo times, representative of a full dataset. B) Representation of pre-
processed signal (as observed in B) for one large ROI in white matter. Clear MT 
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modulation can be depicted along one dimension (offset frequency) while T2 decay is 
observed along the other (echo time). 
 
 
Figure 2 - MT analysis (MTR and MTRasym). Plots display the Mean±SEM among SCs. 
The x-axis of MTRasym plots are shown in logarithmic scale. A) Colour legend of the ROIs 
analysed. Top: WM vs GM; bottom: seven WM tracts. B) z-spectrum and MTRasym plot 
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in WM vs GM (TE=2.75 ms). C) MTR and MTRasym maps of a representative SC (SC #1) 
at frequencies f=-13 kHz and f=13kHz, respectively (TE=2.75 ms). These frequencies 
are highlighted with arrow in z-spectrum and MTRasym plot of panel B). Substantial 
WM/GM contrast is observed whereas most WM tracts cannot be distinguished. D) 
MTRasym plot and z-spectrum (inset) in seven different WM tracts (TE=2.75 ms). Only 
minor changes are shown.  E)  z-spectrum and MTRasym plot at different echoes in WM. 
Though the position of asymptote in the z-spectra changes with TE (due to SNR loss), 
changes in the MT modulation are not perceived. 
 
 
Figure 3– Analysis of MET2 decays by Laplace inversion of one representative SC 
(SC #1). A) Analysis in a large ROI in WM. Left: Position of WM ROI. Centre: T2s 
distribution. The two peaks are highlighted. Right: Comparison of acquired data with the 
inversion of products from the inverse Laplace analysis. The residuals of the fit are also 
plotted. The simulated decay fits well the data. B) MET2 parametric maps obtain by 
voxelwise Laplace inversion. Most maps show spatially distinct contrast within the WM. 
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Figure 4 – T2 distributions over offset frequency in WM of one representative SC 
(SC #2). A) T2 distributions in WM (top) vs GM (bottom) presented in different views. Left: 
Different colours represent distributions at different offset frequencies. Centre: Contour 
map of T2s against offset frequency. Right: Same modulation in a 3-D view. The two WM-
peaks are shifting with offset irradiation. Such phenomenon is less evident in the single 
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GM peak. B) Contour maps of T2 vs offset frequency in seven different WM tract ROIs. 
Both T2 distributions and its modulations with offset frequency are tract-specific. 
 
 
Figure 5 - Offset-saturation-induced (osi-) shifts of MET2 parameters from short 
and long T2 WM components (Mean±SEM among SCs). A) Illustration of WM ROI 
position and parameters extracted from one representative distribution. Short and long 
T2 components are colour-coded. B) The fraction and T2 of peak of short and long T2 
components over offset frequency. C) Relative change of plots in B) (normalized to the 
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reference).  Osi-shifts are observed in all parameters of both components, though the 
short T2 component displays larger amplitude of modulation. 
 
 
Figure 6 – Offset-saturation-induced (osi-) shifts of MET2 parameters of seven 
different WM tracts (Mean±SEM among SCs). A) Illustration of ROIs position and 
parameters extracted from one representative distribution. The different WM tracts are 
colour-coded. The fractions and T2s short and long inl B absolute and C) relative scales. 
Osi-shift of short and long T2s are tracts-specific. 
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Figure 7 - Voxelwise integration of region-specific osi-MET2 parameters shifts of 
one representative SC (SC #1) A) The range of frequencies or “spectral windows” 
integrated are illustrated as shades on the osi-shift plots of the same SC (WM ROI). The 
windows’ numbering is marked with arrows in the fraction osi-shift plot. B) Maps of 
integrals of window-specific osi-shifts. The osi-shifts integrals are spatially-distinct. C) 
Difference map between a low MT-saturated window (Window 3) and a highly MT-
saturated window (Window 4). Difference map displays distinct contrast from single 
region integral of osi-shift maps, which can be exploited to enhance contrast between 
WM tracts. D) Difference map between two symmetrical spectral windows (Window 3-
Window 2). Both short and long T2 parametric maps are homogeneous. 
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Figure 8 – Enhancement of contrast provided by the Spectral Window maps. A) 
Three profile lines were positioned along different WM tracts in the normalized Spectral 
Window, MWF and MTR maps. The profiles are marked with black dashed lines. White 
arrows are placed to help deciphering the profile lines. B) The normalized signal along 
the profiles for the three different techniques (Spectral window, MWF and MTR) are 
44 
 
shown. Dashed lines indicate the separation between different WM tracts. C) Mean±STD 
of ROI intensity in absolute values are shown for each WM tract ROI and each technique 
(Spectral Window, MWF and MTR). Spectral Window profiles appear to be able to better 
distinguish different ROIs, appearing as a potential method to enhance contrast between 
WM tracts.  
 
 
Figure 9 –Comparison of tract-specific histological features with contrast from osi-
shift difference map of short T2 component fraction (MWF). A) WM tract ROIs 
position and corresponding histological features from a study conducted recently in the 
laboratory (Nunes et al., 2017). The spinal cords in this study were treated in a similar 
way. The features measured were: AAD – average axonal diameter (in µm); AF – axonal 
fraction; and MF – myelin fraction. B) MWF difference map from spectral window 4 (weak 
MT modulation) and window 3 (strong MT modulation) – see Figure 7 for clarification. 
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Supplementary Figures 
 
 
Supplementary Figure 1- MT-MSME pulse sequence. Pulse-sequence employed to 
generate two-dimensional MT-MET2 datasets. A multi spin echo sequence was preceded 
by a gaussian-shaped 2 sec length RF pulse. MT offset frequencies were varied between 
{-50,50 kHz} in 1 kHz increments, plus one reference acquisition (without MT saturation). 
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Supplementary Figure 2 – Optimization of MT module parameters. One additional 
spinal cord was used for this preliminary study. Single-shot EPIs with TR/TE=1050/26ms 
and res=(63x50x800)µm3 were preceded by gaussian-shaped MT modulations with 
varying RF power amplitudes and lengths (offset frequencies=-50:1:50kHz).  A) The 
normalized z-spectrum (top) and MTRasym plot (bottom) of MT modules with RF power 
amplitudes of 2.5, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 35.0 µT were compared (fixed pulse 
length of 2 s). B) The previous experiment was repeated with fixed RF power amplitude 
=5 µT and extended TR = 3050 ms to allow the comparison of pulse lengths of 0.5, 1, 
2.0, 3.0 s. If the macromolecular pool was the main culprit for centre frequency shift, then 
the highest sensitivity to myelin would be expected for the parameters with maximal 
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MTRasym effect. Such condition was observed with RF power of 5µT and pulse length of 
2s. Similar parameters were used by others at 16.4 T (Pohmann et al., 2011). 
 
 
Supplementary Figure 3 – Pre-processing pipeline and effects on a dataset (SC 
#1). A) Magnitude data was converted to real data (Eichner et al., 2016) (top left). PCA 
denoising as described in (Veraart et al., 2016) is then applied (top centre). The 
difference map between denoised and Wald-corrected only images (top right) shows no 
structure. Finally, Gibbs unringing as described in Kellner et al. (Kelnner et al., 2015) is 
used (bottom centre). The effects of unringing are shown in the difference map (bottom 
right). Denoising effects in images with different intensities – with/without MT modulation 
and at TE3/TE40, A /B) and C/D) respectively, are shown.  
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Supplementary Figure 4 – Effects of adding gaussian noise to the signal decay in 
T2 distributions. A) Original T2 decay and respective T2 distribution. The SNR of the 
distribution (SNR=620) is given. The main characteristics of each peak (MWF/T2S, 
OWF/T2L) are reported next to the corresponding peak. B) Gaussian noise has added to 
the original plot. The amount of added noise was increase from left to right (from 50 dB 
to 20 dB). The resultant fit and respective T2 distribution is shown per each noise level. 
The ability to estimate the peaks properties decreases with increasing noise level. 
49 
 
 
Supplementary Figure 5  – Reproducibility: difference of result between two spinal 
cords. The reproducibility of the experiment was tested. A second spinal cord was 
scanned in the same conditions as SC#1. A) The WM ROIs drawn for each SC are 
illustrated. B) Signal decay and C) T2 spectra in the ROI in A) of the two spinal cords are 
plotted together. Variability in the decay is translated to slight shifts in the position of 
peaks in the T2 distributions but the trend is kept. D) In order to ensure that the variability 
was not caused by acquisition errors, 10 repetitions of T2 spectrum of SC#2 were 
acquired. The T2 decays (inset) and T2 spectra of the same sample are highly 
reproducible. E) Next, the variability of MT effect among different samples was tested. 
An overlap of z-spectra of the two spinal cords is observed. Finally, the variability in osi-
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shifts was examined. The osi-shifts of F) fraction and G) T2 of peak are similar in both 
spinal cords. The variability in these plots can be explained by variability on the 
relaxometry properties of different samples. 
 
 
Supplementary Figure 6 – Excluding SNR lost as source of osi-shift phenomena. 
A lower spectral resolution (offset frequencies=-50:5:50kHz) experiment was conducted 
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in which the number of averages was progressively increased in scans using MT 
modulation closer to the water resonance (adaptive NA experiment). A) The different WM 
ROIs drawn for each experiment (constant vs adaptive NA) are shown (SC#2). B) The 
NA of each frequency point image is plotted for the adaptive and the constant NA 
experiments. C) The SNR was plotted against offset frequency irradiation. The SNR 
expected to be affected by MT modulation was brought back by increased efficiency of 
denoising due to a better characterisation of noise. This was observed in both 
experiments. As predicted, varying the NA (and consequently the SNR) did not modify 
the trends of both D) fraction and E) T2 osi-shifts.   
 
 
Supplementary Figure 7 – Flip Angle (FA) Distribution with nominal FA=60º. A 
double angle method (Stollberger et al., 1996) was applied with in an additional testing 
spinal cord with angles α=60º and 2α=120º for estimation of B1 inhomogeneities. The 
Mean±STD FA over the entire SC was found to be (61±15)º. B1 inhomogeneities were 
considered to be negligible. 
 
 
